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The structure and function of biological systems, for example, cells and proteins,

depend strongly on their chemical environment. To investigate such dependence,

we design a polydimethylsiloxane-based microfluidic device to encapsulate

biological systems in picoliter-sized drops. The content of each individual drop is

tuned in a defined manner. As a key feature of our method, the individual chemical

composition is determined and related to the drop content. In our case, the drop

content is imaged using microscopy methods, while the drops are immobilized to

allow for long-time studies. As an application of our device, we study the influence

of divalent ions on vimentin intermediate filament networks in a quantitative way

by tuning the magnesium concentration from drop to drop. This way we are able to

directly image the effect of magnesium on the fluorescently tagged protein in a few

hundreds of drops. Our study shows that with increasing magnesium concentration

in the drops, the compaction of the networks becomes more pronounced. The

degree of compaction is characterized by different morphologies; freely fluctuating

networks are observed at comparatively low magnesium concentrations of

5–10 mM, while with increasing magnesium concentration reaching 16 mM they

develop into fully aggregated networks. Our approach demonstrates how a

systematic study of interactions in biological systems can benefit from the

exceptional controllability of microfluidic methods. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4705103]

I. INTRODUCTION

Microfluidic drops have been established as a powerful tool to study chemical and biologi-

cal systems.1–5 These applications benefit from the encapsulation of the system of interest

inside aqueous drops suspended in an oil phase that act as picoliter-sized compartments, isolat-

ing their contents from the surroundings. As a typical feature of microflow studies, these two-

phase flow microfluidic experiments provide exceptional controllability and high throughput

performance, while keeping the necessary sample volume comparatively small.6,7 The structure

and function of many biological systems that can be studied in these drops, for example, cells,

proteins, or multicellular organisms, depend sensitively on parameters such as pH, ionic

strength, or concentration of certain reagents. Additionally, it is often desirable to investigate

biological systems as a function of time, i.e., probe their dynamics. Therefore, a technique that

allows for studies of the sensitivity on the environment as well as the time-dependence of bio-

logical processes is of high interest. One approach to visualize encapsulated systems in a time-

dependent manner is to immobilize the drops by confinement through the channel geometry as

introduced by Schmitz et al.8 or by drop trapping using small holes in the channel bottom.9

Additionally, drops with tunable content can be produced by merging several aqueous compo-

nents with defined and varying flow speeds.10 The main problem in combining both approaches

consists in knowing the exact contents of each individual drop. In some cases, the chemical of
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interest can be tagged by a fluorescent label.11 For enzymatic assays, a fluorogenic substrate

can be used to determine the drop contents.12,13 For other systems, direct fluorescent tagging is

not possible (e.g., for small ions) and adding a separate indicating chemical (e.g., a fluorescent

dye) could cause unintended crosstalk between the indicating chemical and the encapsulated

system, for example, when charged fluorescent dyes interact with proteins. In these cases, we

have to rely on the input concentrations to determine the composition of the drops.

Here, we describe an approach to this challenge. We produce drops with varying reagent

concentrations, store and image them, and develop a way to preserve the information about the

drop content. An advantage of the method is that it requires only syringe pump driven flow and

does not need any complex drop manipulation technique like electrical fields. Possible applica-

tions of our device in biological or chemical fields are manifold, for instance, protein crystalliza-

tion,1,14 cell-based assays,4,15 or protein network formation.16,17 As an example for this universal

tool, we probe the dependence of network formation of the cytoskeletal intermediate filament (IF)

protein vimentin on magnesium ions. It has been shown previously by rheology studies that

in vitro vimentin filaments build entangled networks that are cross-linked in the presence of diva-

lent ions.18,19,31 Using microfluidics, we are now in the position to directly image the fluorescently

labeled networks. We relate the network morphology and density to the magnesium concentration

and show that aggregation and compaction of the networks from initially fairly homogeneously

distributed, freely fluctuating networks sets on at a magnesium concentration of about 10 mM.

II. MATERIALS AND METHODS

A. Production of microfluidic devices by soft-lithography

Microfluidic devices are produced using PDMS (polydimethylsiloxane) based soft-lithogra-

phy.20,21 For this purpose, SU-8 3025 negative resist (MicroChem, Newton, USA) is spin

coated onto a silicon wafer to achieve a channel height of 17 lm. PDMS replicas are bonded to

standard microscopy cover slips. The devices are stored in Milli-Q water for 1–2 days to satu-

rate the PDMS with water. This step prevents shrinkage of the drops during the experiment.

Directly before usage, the devices are flushed with Ombrello (Autoserv, Sinzheim, Germany) to

obtain a hydrophobic coating of the channel walls. The devices are connected via polyethylene

tubing (IntramedicTM PE20, BD, Franklin Lakes, USA) to gas tight syringes (Hamilton, Bona-

duz, Switzerland) which are driven by precise syringe pumps (neMESYS, Cetoni GmbH, Kor-

bußen, Germany). A fluorocarbon oil (FluorinertTM FC-40, 3 M Deutschland GmbH, Neuss,

Germany) is used as the oil phase of the emulsion. A perfluoropolyether-polyethyleneglycol

block-copolymer surfactant (Raindance Technologies, Lexington, USA) is added at a concentra-

tion of 1.8% (w/w) to stabilize the emulsion and, at the same time, ensure bio-compatibility.22

B. Protein purification, labeling, and assembly

Human vimentin protein is expressed in Escherichia coli bacteria and then purified from

inclusion bodies.23 Vimentin is stored at �80 �C in 8 M urea, 5 mM Tris-HCl (pH 7.5), 1 mM

ethylene diamine tetraacetic acid, 0.1 mM ethylene glycol tetraacetic acid, 1 mM dithiothreitol,

and 10 mM methyl ammonium chloride (MAC). The protein is fluorescently tagged using Alex-

aFluor 488 C5 Maleimide (Invitrogen GmbH, Darmstadt, Germany).24 Labeled and unlabeled

vimentin are mixed at a ratio of 3:2 to achieve optimized assembly kinetics and imaging properties.

After mixing, vimentin is dialyzed against 6 M urea, 0.8 mM phosphate buffer for 1 h, and subse-

quently two times against 2 mM phosphate buffer, first for 1 h and then over night. The protein is

assembled into filaments at a concentration of 600 lg/ml in 100 mM KCl (pH 7.5), 2 mM phosphate

buffer at 37 �C for approximately 15 h and is used directly afterwards. At this chosen input concen-

tration, the protein networks can nicely be imaged in the drops. This assembly procedure leads to a

broad distribution of filament lengths with an average contour length of about 10 lm.25

C. Long-time imaging of vimentin in drops

We study vimentin network formation in drops in dependence of the magnesium concentra-

tion (cMg2þ ). For these experiments, we choose a magnesium component (31 mM MgCl2,
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100 mM KCl, and 2 mM phosphate buffer) referred to as “aqueous 1,” a buffer component

(100 mM KCl and 2 mM phosphate buffer) referred to as “aqueous 2,” and a vimentin compo-

nent (600 lg/ml vimentin, 100 mM KCl, and 2 mM phosphate buffer) referred to as “aqueous

3” (see Fig. 1). Vimentin protein networks are encapsulated in microfluidic drops as will be

described below. The drops are immobilized in the microfluidic device which is placed in an

on-stage incubation chamber (INUG2E-ONICS, Tokai Hit CO., Ltd., Fujinomiya-shi Shizuoka-

ken, Japan) during the imaging period. The incubation chamber provides a water saturated

atmosphere that prevents the initially water-saturated PDMS from drying out. By this means,

the drop volume is preserved for several hours. Additionally, the chamber keeps the microflui-

dic device at roughly 37 �C. The incubation chamber is mounted on an inverted microscope

(IX 81, Olympus, Hamburg, Germany) equipped with a 40x oil immersion objective

(UPlanFLN, Olympus), an Olympus CellR setup for widefield fluorescence microscopy, and a

sensitive camera (Hamamatsu Orca-R2 for imaging of protein networks and PCO.edge for

imaging of fluorescein filled drops). Using this setup, the whole drop series is imaged within

the first 2 h after the protein is encapsulated in drops.

III. RESULTS

A. The microfluidic device

The microfluidic device in which the picoliter water drops are composed, collected, and pre-

pared for long-time storage is illustrated in Fig. 1. This PDMS-based device follows a modular

design concept that enables drop manipulation at high accuracy by changing flow rates only. For a

tunable composition of the drop content, the default setup contains three aqueous inlet channels that

join up in the drop composer in a side-by-side flow at low Reynolds number conditions

FIG. 1. The microfluidic device. (a) In a PDMS-based microfluidic device three aqueous components are merged together,

(b) while the flow rates of two of them are alternated in a periodic way. This way microfluidic drops with tunable content

are produced in a flow focusing channel design. (c) The drops pass a serpentine channel that ensures fast mixing of the

drop content which is due to the recirculating flow and chaotic advection within the moving drops. (d) In a drop basin, the

drops are densified and excess drops are rejected to six outlet channels. At the bottom of the basin, there is a connection to

a long channel which is called collecting channel. (e) At first, oil flows through this collecting channel into the basin so that

no drop can enter. The inversion of the flow direction of the oil through the collecting channel triggers the collection of the

drops in a controlled manner. (h) To determine the drop content afterwards, the drop collection process is recorded. (f)

The first part of the collecting channel is a delay line which ensures smooth drop collection. (g) Finally, the drops reach the

drop storage which is a region with constrictions at the channel walls.8 Due to this confinement, the drops are immobilized

when the overall flow rates in the device are stopped.
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(Fig. 1(a)).6 This design enables us to supply one aqueous component “3” at a constant flow rate.

For example, this component can be a protein solution so that the protein concentration in all drops

is kept constant. For the remaining two aqueous components, periodic and triangularly shaped

pump profiles are chosen that oppose each other (Fig. 1(b)). This way, the overall flow rate of the

aqueous phase remains constant, while the concentration of one reagent is varied. For instance, the

salt concentration in the drops is varied when the pump profiles of a buffer A as aqueous compo-

nent “2” and the buffer A with added salt (aqueous component “1”) oppose each other.

Shortly after the three aqueous components join up they reach a flow focusing channel geom-

etry6 in the drop composer where the composite aqueous phase is focused laterally by an oil

phase. By default, a mean total flow velocity of 14 mm s�1 for the aqueous phase and 23 mm s�1

for the oil phase is used, which leads to monodisperse and oblate drops, approximately 40 lm in

diameter and 17 lm in height. These drops act as isolated containers for the encapsulated aqueous

phase. To overcome the slow (on the order of seconds) diffusive mixing in the side-by-side flow

pattern of the aqueous components, the drops are directed to a serpentine channel with narrow

windings. This serpentine channel ensures a rapid content mixing on the order of milliseconds.

This fast mixing is achieved through the recirculating flow in the moving plug-like drop and fur-

ther enhanced through chaotic advection induced by the windings (Fig. 1(c)).26

The serpentine channel ends in a wider multi-way channel system which we refer to as drop
basin (Fig. 1(d)). The majority of the channels that end in this basin are located laterally and con-

duct the fluid towards outlets where it is disposed of. Drops are produced at a rate of approxi-

mately 400 Hz, but only a few hundred drops are stored further downstream the device, ideally

spread out over a period of time of at least 10 s. The drop basin serves the purpose to reject a

large portion of the incoming drops. By rejecting a large portion of the drops, we increase the ac-

curacy with which the concentration gradient from drop to drop is being established. Additionally,

it densifies the drops by removing excess oil, since the oil of the two-phase flow is filtered out

more easily than the drops (Fig. 1(d)). This densification is important for an efficient drop storage

later on. One more channel is located at the bottom of the drop basin: the collecting channel. At

first, oil flows through the collecting channel into the basin preventing any drops from entering

this channel. At the onset of drop collection for storage, we invert the oil flow direction through

the collecting channel, i.e., change the mean flow velocity from þ4 mm s�1 to �2 mm s�1.

After a delay of about 1 min this leads to the collection of a statistical fraction of the drops

into the collecting channel at a rate of about 5 Hz (Fig. 1(e)). Owing to the fact that only three

drops can flow side-by-side in the basin and all drops on the left and right hand sides are

rejected (data not shown), the order of the statistically collected drops remains chronological

throughout the whole drop collection process. In total, about 1 out of 80 drops is kept and not

rejected. One minute collection time provides a sufficiently large number of drops. This collec-

tion is recorded using brightfield microscopy to determine the drop content later on (see

Sec. III B). We then take the syringe that supplies the collecting channel with oil out of the sy-

ringe pump and operate it manually in the remaining steps which is more accurate than using

the pumps in this case. In parallel to this manual operation, we observe the drop flow through

the eyepiece of the microscope. This way the drops are conducted into a region with circular

constrictions at the channel walls. These circular shapes correspond to the most stable shape of

the drops (Fig. 1(g)).8 When we stop the flow in the entire device, the drops are stored and can

be imaged in this drop storage for several hours.

Since the drop storage is designed to host a few hundreds of drops during one experiment

and all circular storing positions look the same, it is necessary to label them uniquely. There-

fore, we add a numeral code next to the storage sites to identify clusters of eight drops

(Fig. 1(g)). In this code, we provide numbers to the basis of 3 using a vertical bar, a horizontal

bar, and a square. These simple shapes can easily be reproduced by soft-lithography.

B. Determination of the drop content

One challenge in multiplexing experiments by using drop microfluidics is to determine the

precise chemical composition of the drop contents. To do so, the delay time td between the
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input pump profile and the actual moment of drop collection has to be taken into account as

well as possible changes to the input profile due to damping effects of the elastic microfluidic

device material.

To access both aspects and characterize the device thoroughly, we first perform experi-

ments with varying fluorescein concentrations cFl over a drop series and determine the resulting

fluorescence intensity in each drop when it enters the collecting channel. The fluorescein con-

centration is directly determined from the measured intensities based on the calibration meas-

urements. The input and measured fluorescein concentrations as a function of time for a typical

experiment are shown in Fig. 2(a). The input fluorescein concentration is calculated based on

the knowledge of the fluorescein concentration in the syringe (100 lM, “aqueous 1” in Fig. 1)

and the flow rates of the aqueous components when we apply a triangular pump profile with a

periodicity of 15 s (Fig. 1(b)). Note that while the signal (e.g., cFl) versus drop number k is not

strictly periodic, it actually is when translated to the time domain. The comparison in Fig. 2(a)

shows that the periodicity and the mean values of the curves agree well. However, very high

and very low fluorescein concentrations are not reached experimentally, likely due to the elastic

device materials and inertial effects when changing pump speeds. The triangular input concen-

tration profile (violet stars) leads to a sine-shaped profile of fluorescein concentration in the

measured drops (green circles) and is fitted accordingly to retrieve a calculated and calibrated

FIG. 2. Determination of the fluorescein concentration in a drop series. (a) Comparison of the input and measured fluores-

cein concentration in drops as a function of time. Using triangular input pump profiles (violet stars), the measured concen-

tration profile in the drops has the shape of a sine function (green circles). (b) The delay time td is determined by a

regression method. The measured (green circles) and calculated (blue triangles) concentrations in the drops agree well.

(c) Measured fluorescein concentration (bins of 3 lM width) plotted over the calculated values. The straight line has a slope

of 1. Error bars are not shown when smaller than symbols.
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concentration on the basis of several independent experiments. This calibration curve which

translates the input flow profile to the actually measured concentrations in the drops is used in

the following experiments.

As a proof of principle and before moving to drop contents that cannot directly be imaged

(magnesium ions, see Sec. III C), we apply the calibration as described in the previous para-

graph to a separate fluorescein experiment. The time shift between the input and the measured

concentrations as given by td in Fig. 2(a) has to be taken into account as well as the sine-shape

of the flow rate profile Q(t). Considering both factors, the fluorescein concentration of the kth

drop in the series is given by

cFlðtkÞ ¼
csyr

Qaq

� Qðtk � tdÞ; (1)

where csyr is the fluorescein concentration in the syringe, Qaq (30 ll h�1 in our case) is the over-

all flow rate of the aqueous phase, and tk is the time when the kth drop is collected. tk is

directly obtained from the analysis of the drop collection video (Fig. 1(h)). Thus, the calculated

and the measured fluorescein concentrations agree well, showing the validity of the method.

Nevertheless, the fit can even be improved. To do so, we group the drops into bins of similar

concentration (3 lM width), average the concentrations within the bins and plot this average to-

gether with its error di as a function of the calculated concentration. By minimizing the total

error
P

i di, we determine the best match of the two concentration curves (Figs. 2(b) and 2(c)).

For the first drops (�1� 20), we observe deviations which are likely due to bleaching effects

of the fluorescein in the first slowly moving drops. For the remaining drops, the measured and

calculated values agree well.

After having successfully tested the calibration on the fluorescein measurement, we will

apply the same method to experiments on vimentin networks in the presence of varying magne-

sium concentrations in drops in Sec. III C. Again, the calibration curve derived from the data

shown in Fig. 2(a) and similar experiments are used followed by error minimization. In this

case, we use the network morphology as the “characteristic signal” (which depends on the mag-

nesium concentration) for each drop instead of fluorescein concentration as discussed in this

section. This method allows us to determine the composition of each vimentin-filled drop,

although the composition (i.e., the magnesium concentration) cannot be directly measured.

C. Vimentin networks in picoliter drops

One central question in cell mechanics is how network formation of biopolymers and cross-

linking is mediated by multivalent ions or specific binding molecules. Here, we study the influence

of divalent magnesium ions on the vimentin IFs. To do so, we produce, store, and observe a drop se-

ries, each drop containing the same amount of protein, the same buffer conditions, but successively

varied magnesium concentration. The resulting vimentin networks are imaged by fluorescence mi-

croscopy. Depending on the magnesium concentration in an individual drop, we observe qualita-

tively different network morphologies (Fig. 3, top). We analyze the fluorescence intensity distribu-

tion taken over the entire drop (circles in Fig. 3) to quantitatively characterize these different

network morphologies. We normalize the overall fluorescence intensity in each drop and describe

the morphologies by the standard deviation r of the intensity distribution.16 This concept is illus-

trated in Fig. 3, bottom, where we compare the standard deviation of a freely fluctuating network

(a), an aggregated network (b), and a fully compacted network (c). The degree of aggregation and

compaction of these networks increases from (a) to (c), and the standard deviation increases as well.

This effect can be understood considering the volume that is occupied by the fluorescing aggregates

in the drop. The intensity variability is small in the rather homogeneous fluorescence intensity in a

drop with freely fluctuating networks; consequently, the standard deviation is small. By contrast, in

the case of a fully compacted network only a small part of the drop area shows a high intensity,

whereas the rest of the drop shows very little fluorescence. Accordingly, this leads to a large stand-

ard deviation of the intensity distribution.
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We analyze the standard deviation r of vimentin networks for about 250 drops per experi-

ment. The values for r give us a “signal” for each drop in the series, which we show exempla-

rily in Fig. 4(a) (green solid circles). Additionally, we determine the magnesium concentration

cMg2þ for each drop of the same series (blue open triangles) based on the calibration using fluo-

rescein. The data are binned (1 mM cMg2þ intervals), and the averaged standard deviation �r is

shown as a function of the magnesium concentration in Fig. 4(b) (green squares and magenta

circles). We find an almost constant value for �r for cMg2þ ¼ 5…10 mM indicating that in this

range, the networks are homogeneous and freely fluctuating. Starting from a threshold of

cMg2þ � 10 mM, �r increases significantly as cMg2þ increases. The region around 10 mM is

shown for smaller bin sizes in Fig. S1, see supplementary material.27 From this analysis, we

deduce that an increase of cMg2þ induces the compaction of vimentin networks. The higher

FIG. 3. Vimentin networks in drops. Top: fluorescence micrographs (inverted gray scale, adjusted for displaying purposes)

of vimentin networks at different magnesium concentrations cMg2þ . Bottom: intensity histograms of the fluorescence micro-

graphs (total fluorescence intensity in each drop normalized to 105). Different network morphologies result in different

standard deviations r of the fluorescence intensity distribution: (a) Freely fluctuating networks show a narrow distribution,

since the overall intensity is comparatively homogeneous. (b) The distribution of networks that have aggregated is broader

leading to a higher value for r. (c) Networks that are fully compacted to an intensely fluorescing aggregate show the largest

standard deviation. The drop diameters are 40 lm.

FIG. 4. Dependence of vimentin network morphology on the magnesium concentration. (a) For a vimentin-containing

drop series, the standard deviation r of the gray scale values is compared to the magnesium concentration for each drop.

(b) Binning of the results (1 mM cMg2þ intervals) leads to an averaged standard deviation �r as a function of cMg2þ , shown

here for two independent experiments. These curves show the ability of magnesium to induce network compaction of

vimentin networks.
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cMg2þ is, the higher is the degree of network compaction. Since networks with �r � 1:6 are

already highly condensed in the drop (Fig. 3(c)), we expect that vimentin networks cannot

be compacted much further at higher cMg2þ than we apply in the experiment. Therefore,

cMg2þ ¼ 16 mM is assumedly a concentration at which the network condensation is fairly satu-

rated. As shown in Fig. 4(b), the results for two independent experiments agree very well. Impor-

tantly, the onset of network aggregation and compaction is found at cMg2þ � 10 mM in both cases.

IV. DISCUSSION AND CONCLUSION

We demonstrate the concentration determination of a solute that we vary over a series of

microfluidic drops for the general case where the solute cannot be directly visualized (e.g.,

small ions). We use the response of the system (protein networks) to determine the concentra-

tion of the solute (magnesium ions). To quantify the different occurring network morphologies,

we determine the standard deviation of the gray scale histograms from the fluorescence micro-

graphs. The method we demonstrate here on the example of protein networks in the presence

of ions can be applied to any other system that responds to a chemical at a concentration c
with a specific signal s(c). In the example, we show here s(c) is a monotonic function. How-

ever, in principle s(c) can be arbitrary, since the regression method we use to determine the

delay time td does not take into account any specific course of s(c). Consequently, the method

could also be applied for the study of many other systems, where the influence of a reagent on

a biological system, be it multicellular organisms, single cells, or cellular components, shall be

investigated. The modular design employing only syringe pump driven flow (no electrical fields

or there like) renders the device a stable and easy-to-use solution for many applications.

A straightforward approach to study the network formation of fluorescently labeled vimentin

as a function of magnesium concentration would be to prepare the solutions in bulk and image

the resulting networks on a cover slip. However, this proves to be difficult. A filament network

is a three dimensional construct and imaging it on a two dimensional cover slip distorts the

results. Therefore, microfluidic drops that are stabilized with a biocompatible surfactant are an

ideal tool to avoid interactions with an interface. Moreover, preparing hundreds of nearly identi-

cal samples with only one parameter varied (in our case the magnesium concentration) is a tedi-

ous and almost impossible task; either an assay with high dosing precision can be prepared con-

suming high sample volumes or the assay is prepared at low sample volumes, sacrificing dosing

precision. Drop microfluidics provides both low sample consumption (minimum protein volume

for the total experiment 20 ll) as well as high dosing precision owing to the controllability of

the method. Using the device once, we obtain data for a few hundred individual “mixtures” con-

sidering each drop separately. This provides data for good statistics. Immobilization of the drops

in the drop storage also allows for time-lapse studies of individual networks in certain drops.

Constriction to a drop volume of 20 pl mimics the cellular confinement that cytoskeletal proteins

encounter in the cytosol surrounded by the cell membrane.

Analyzing the directly imaged vimentin networks in microfluidic drops, we find a compacting

influence of magnesium ions on vimentin aggregates at a protein concentration of 200lg/ml.

This influence becomes apparent for magnesium concentrations of about 10 mM and higher. As a

consequence of this compaction, the total volume occupied by vimentin in the drops decreases as

the magnesium concentration increases. At the same time, the fluorescence intensity per volume

of the compacted network increases.

It was found in rheology experiments that magnesium ions act as effective cross-linkers of

vimentin networks.18,19,31 Our results are consistent with these findings considering that cross-

linkers densify a network, and our study shows the compacting influence of magnesium ions. In

the rheology studies, the vimentin concentration is about one order of magnitude higher than in

the work presented here, and the onset of cross-linking is observed at lower magnesium concen-

trations; the ratios of magnesium to protein concentrations range between R ¼ cMg2þ=cvim¼ 105

and R¼ 215. Interestingly, electron micrographs of the networks do not show a morphological

difference of these cross-linked networks as compared to entangled networks without cross-

linking.31 Here, we increase the relative magnesium concentration further and systematically
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cover the range from R¼ 1300 to R¼ 4200. We observe the onset of compaction at R � 2600.

We assume that apart from the relative concentration of magnesium and the absolute protein

concentration, time is an important factor in network formation and compaction. A time-

resolved study of networks in drops would therefore be a logic next step in order to investigate

this dependence.

At very high ion concentrations (see Fig. 3(c)), the vimentin aggregates have a diameter of

about 9 lm. Taking into account that vimentin IFs have a persistence length on the order of

1 lm,28–30 we can assume that a further densification would be hindered by the intrinsic stiff-

ness of the filaments. Assuming that all the protein in the drop is compacted to the aggregate,

the local vimentin concentration is estimated to 10 mg/ml. At this high value, a further densifi-

cation might also be sterically hindered.

To conclude, our experiments on vimentin with added magnesium demonstrate the excep-

tional experimental controllability provided by the developed microfluidic device. We are able

to precisely tune and determine the contents of the drops and can vary them drop by drop, pro-

viding a platform for multiple experiments at once. The combination with fluorescence micros-

copy allows us to directly image the drop content, in our case individual protein networks. The

device is not restricted to the application presented here but can be used to study varying bio-

logical or non-biological systems that react to parameters of its environment, such as ionic

strength, reagent concentration, or pH. Additionally the small and easily manageable microflui-

dic chip allows for the convenient variation of external parameters such as temperature. We

expect manifold uses of this kind of device also in other fields of research.
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